Ship wave characteristics in a shallow and restricted waterway whose depth and breadth change in longitudinal direction are studied numerically.
Introduction
Contrary to ship design concept in the past, the environmental impact by ship waves, such as risk for people on beach, erosion of coast and unacceptable ship movement in harbors, becomes significant design criteria in the present time. Danish Hydraulic Institute and Maritime Authority 1) reported the environmental impact in Arhus-Kalundborg route and Xontech Inc. also introduced the environmental problem caused by ship waves in Rich Passage2~. Stumbo et al. 3~ and Kirkegaatd et al.4~ carried out full scale measurement and prediction of ship wave amplitude by panel code and then tried to establish criteria of no harmful ship waves.
In the study of ship wave phenomena in restricted waterway, Ertekins~ conducted model test to investigate the relation between blockage coefficient and characteristics of solitons and Chen et al! simulated the wave phenomena in restricted waterway with constant depth and breadth.
In general, water depth and breadth in real ship route are not constant and the map around Rich passage in U.S.A is shown in Fig. 1 as an example. The dotted line indicates a ferry route. In order to predict ship waves, which is more similar to wave phenomena in real situation, it is necessary to investigate ship wave phenomena in shallow and restricted waterway whose depth and breadth vary in longitudinal direction. Madsen et alY have studied phenomena of wave propagation on slowly varying bathymetry from deep to shallow water and showed special wave phenomena.
In this paper, the fundamental study of ship wave phenomena in restricted waterway whose depth and breadth vary in longitudinal direction is performed numerically. In order to obtain an accurate solution without expensive computational effort, CIP method 8) is adopted. The numerical scheme is validated by comparison of numerical results with experimental one in deep water case. The numerical method is applied to predict ship wave characteristics when a ship passes the restricted waterway whose depth and breadth vary in longitudinal direction. 
Governing equations
Three-dimensional incompressible Euler and continuity equations including the effect of grid movement are employed for the present numerical simulation of ship waves. The dimensionless form of the governing equations is expressed as follows, 
Boundary conditions
Neglecting effects of surface tension and viscosity, the pressure acting on the free surface is set to be the atmospheric pressure as shown in equation (3) . The velocity of fluid on the free surface must satisfy the kinematic boundary condition as shown in equation (4) .
(4) a r ax ay where (x, y, t) is the wave height and t is the dimensionless time in moving physical domain.
Free slip boundary condition is used for the wall boundary in Eulerian manner of description 9) . Because waterway depth and breadth vary in longitudinal direction, the velocity boundary condition on the wall is given as follows,
where, vE and Vt are velocity vector and the tangential velocity components in Eulerian coordinate system respectively. The unit vector normal to the wall is denoted by n The pressure boundary condition on the body surface is derived to satisfy the momentum equation.
On the upstream boundary of the computational domain, uniform flow condition is applied, while zero gradient condition is given on the outer boundary. On the center plane, the symmetric boundary condition is applied.
Numerical scheme

CIP method
In the present study, CIP method is employed for three dimensional ship waves simulation in curvilinear coordinate system. Discretized form of equation (1) is split into two stages, non-advection and advection stage, assuming a small time increment.
In the non-advection stage, v * and are calculated by equations (8) and (9).
At where superscripts * and m denote time step in nonadvection stage and At means time increment. Taking the divergence of equation (8) where D represents the divergence of velocity vector.
Equations (8), (9) and (10) are transformed into a body fitted coordinate system and discretized by finite difference method with the second order accuracy. After v* and p* are obtained in non-advection stage, CIP method, which can express the behavior of the solution and its derivatives inside grid cell, is applied to solve the flow advection. The function (f), such as velocity component or wave elevation, and its derivatives (af /ai) are expressed by cubic polynomial in curvilinear coordinate system as shown in equations (11) = (14). 1, 2 and Sea are curvilinear coordinates and U~ , V~ and W~ denote contra variant velocity components int , 2 and 5~ directions. The coefficients of c1=c16 are determined by substitution of f and its derivatives at the eight vertices of the cell.
where U~ , V~ and W~ are contravariant velocity components.
The present method is based on the method proposed Welch et al. 10) . The Poisson equation for pressure includes the divergence of the convection term, which is different from the equation used in CIP method. The velocity components at new time step are extrapolated by Euler explicit scheme. The convection terms and the kinematic free surface boundary condition are discretized by the third order upwind scheme. All the other spatial derivative terms are discretized by the second order centered difference scheme. The calculated grid configuration in longitudinal direction is shown in Table. 2. The size of grid in the zone from one ship length to three times of ship length ahead of F.P. is constant. The computed wave elevations on the hull surface and the center plane are shown in Figs. 10 and 11 . The difference of the wave elevation according to the grid sizes becomes small if the size is less than 0.04 (CaseS). Therefore CaseS is chosen as a standard grid in longitudinal direction. 
Applications
The numerical method is applied to predict waves for Wigley hull in the restricted waterway (Fig. 2) . The simulations are performed in four types of waterway with different breadth (B). The breadth of waterway and distance from start point to the step on the bottom are shown in Table. 3. In order to generate a solitary wave for all cases before ship arrives at the step, different distances from the start point to the step are used for the computation. The different distance is caused by the period of solitary wave which is inversely proportional to waterway breadth. Froude number based on the ship length is 0.4025 and Froude number based on the water depth is 0.9 before the ship reaches the step. After the ship transits the step, depth Froude number becomes 1.272.
The evolution of wave patterns for B=0.5 L is shown in Fig.  12 . In the figure, `step' indicates the location of the step on the bottom and is indicates the dimensionless time since the ship transits the step. Bright region and dark region mean positive and negative wave height respectively. The solitary wave moves ahead of ship until is =0.0 while the direction of wave propagation turns reverse after that stage. The change of the direction of waves propagation is caused by the water depth because the wave velocity is proportional to the water depth. The solitary wave moves in the reverse direction and merged with the bow wave. After is =10.0, very large wave height is observed. After this stage, another solitary waves are generated as shown in Fig. 12 . The generation of the second solitary wave seems to be the effect of waterway breadth.
In the case of B=1.0 L, the second solitary wave is not observed as shown in Fig. 12 , but a steep and stationary wave, which does not move forward or backward, is generated in front of the ship as shown in Fig. 13 .
The stationary solitary wave observed in Fig. 13 does not appear in the case of B=1.5 L (Fig. 14) . The disappearance of stationary solitary wave is caused by the increase of breadth in comparison with the previous one. After is =-2.5, the solitary wave moves in the reverse direction of ship movement, thus the wave height is intensified when the solitary wave and the bow wave are superimposed at is =12.5. The largest wave appears on the side wall at that moment and the superimposed wave moves to the rear of stern. As shown in Fig. 15 , maximum wave height is observed when is =12.5, which indicates that the ship locates 12 times of the ship length ahead of the step. 
